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ABSTRACT 


A high fineness ratio body of revolution with an ogive 
forebody shape was tested at varying angles of attack, 
Reynolds numbers, and spin rates to measure the Magnus 
forces developed. The experimental data were compared 
with previously derived theoretical equations for an open- 


ended cylinder of revolution to substantiate the theoretical 


WOTK. 
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NOMENCLATURE 


side force coefficient based on frontal area 
diameter of missile 

length of missile 

dimensionless spin rate 

freestream dynamic pressure 

Reynolds number based on missile length 
cross flow Reynolds number based on missile diameter 
missile maximum cross sectional area 

air temperature 

freestream velocity 

Magnus side force 

angle of attack 

circulation 

coefficient of viscosity 

aır density 


spin angular velocity 





INTRODUCTION 


ШИЕ study of flight trajectories of spin stabilized 
missiles requires detailed analyses of the aerodynamic 
Bes developed during flight. The projectile's lift, 
Hugs. and side force must be accurately predicted for 
ΠΕ. ot this kind. This paper investigates the flow 
over a high fineness ratio spinning body of revolution to 
determine the side force and its center of pressure gener- 
ated during flight. The side force causes drift from the 
plane of firing and so is an important aerodynamic force. 

Determining the flow over a missile is a very compli- 
cated three-dimensional problem in which the primary 
mechanism for production of the side force is shed 
nti city caused by the eventual separation of the boundary 
layer. Because of this the flow problem is dominated by 
viscous effects. Several theories have been developed to 
SENEC to predict the side force and moment on open-ended 
cylinders, assuming laminar boundary layers. These 
mHeories, however, have yet to be substantiated experi- 
mentally in their appropriate regions of validity. For 
this reason a suitable testing apparatus and test program 
were devised to substantiate these theories. This thesis 


Presents work accomplished to date on such studies. 
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HISTORICAL BACKGROUND 


The study of spinning shapes and the side forces 
developed by them has been carried on for many years. To 
pueeerly understand the complicated flow over a high fine- 
ness ratio body of revolution it is useful to study past 
mivestigations made on less complex spinning bodies. 

Пиво СО, Т. Walker [1] recorded the first descrip- 
ο. οἱ drift of a spinning body in flight, the curve of 
a sliced tennis ball. Nearly 200 years later G. Magnus [2] 
published the results of his experiments to account for the 
drift of a spinning musket shot. Magnus' method was to 
meena musket ball whose center of mass was not at its 
A metric center and thus impose a spin on the ball as it 
1 the gun barrel. Magnus found a clockwise rotation 
Meee cause the ball to drift right and a counter-clockwise 
uon would cause a drift to the left. This substanti- 
ated his theory that an aerodynamic force was responsible 
memetne drift. Any such side force produced by a spinning 
body is today called a Magnus force. 

Lord Rayleigh published a paper in 1877 entitled "On 
em sirregular Flight of a Tennis Ball" [3] in which he 
Memnematically described the Magnus effects in terms of a 
parental flow around a cylinder with circulation. Missing 


from his theory, however, were skin friction effects 





ее the fluid and cylinder which related the cylinder 
Senang rate to the magnitude of the assumed circulation. 

Little or no theory followed Rayleigh's work until 
after World War I. Shortly after the war a notable attempt 
was made to use the Magnus effect commercially by a German 
mad Anton Flettner [4]. He replaced the sails of a ship 
ΠΠ“ large powered rotor. In a cross-wind the Magnus 
i CL would power the ship. Two Flettner Rotor Ships were 
КОШ апа one sailed across the Atlantic, but the speed and 
Meera brlity of screw propulsion proved to be the rotor 
dep s downfall. 

M1924 Prandtl [5] published his work on the 
problem of creation of circulation about a spinning body. 
He was able to show that circulation was developed and 
could be accounted for by shed boundary layer vorticity. 
Memet circulation was equal but opposite in sign to the 
Smead vorticity. 

пе Second World War provided graphic evidence of 
the need to accurately predict weapon trajectories. To 
Pace a shell fired from a gun on target usually required 
more than one shot. Corrections were made from previous 
mas Cs to achieve the desired results. Significant 
i jiicilon in the number of firings, time, and cost could 
be made if a weapon's trajectory could be accurately 
predicted. 

MM ЖАТ ЛТ O] published the first analytical 


method for predicting Magnus forces developed by spinning 





en endea Cylinders of revolution at small angles of 
attack in incompressible laminar flow. Kelly [7] followed 
in 1954 with a more detailed discussion of Martin's theory. 
Bewer [8], in 1971, carried Kelly's theory to a high order 
си approximation and included inviscid circulation develop- 
ment to obtain an equation for Magnus force coefficient. 
Hemproved previous theories by estimating shed vorticity 
that lies close to the body using a cross-flow analogy. 
This theory best models the essential Magnus force contri- 
butions and was used to correlate the wind tunnel data. 
Martin, Kelly, and Power all developed their theories 
by studying open-ended cylinders. Kelly noted in his work 
that there were no known measurements with which he could 
compare his results and that his theory was not directly 
applicable to bodies with different nose shapes. Testing 
G i ended cylinders in a flow is impractical and nearly 
impossible because there is no method to suspend the body 
in mie) flow and spin it without complicated flow-disturbin 
EuuDment. For this reason all the testing that is 
described in this paper was done using a cylinder with an 
ogive nose shape. The ogive forebody shape was selected 
because of its constant surface curvature which allows 
theoretical boundary layer calculations to be made more 


easily. 








MAGNUS FORCE PRODUCTION ON SLENDER BODIES OF REVOLUTION 
| AT LOW ANGLES OF ATTACK 

To study three-dimensional flow about a spinning body 
eee olution the full viscous equations of motion must be 
EUM cd. The general equations of motion predict that the 
шише orce is a function of angle of attack, non-dimensional 
erate (the ratio of the surface speed @ r and the free- 
гише velocity U), body fineness ratio, Reynolds number, 
and Mach number. The complete equations of motion are much 
too difficult to solve, hence simplifications must be made. 
The simplest problem involves incompressible flow with a 
laminar boundary layer, a small angle of attack, and a small 
Wwenwcdymensional spin rate. 

A useful method for studying such a flow is by using a 
cross-flow analogy. The basic assumption made to simplify 
m problem is that the flow along the body is independent 
of the flow across the body. This assumption is most 
likely inaccurate for high angles of attack and low body 
fineness ratios. Experimental test data, however, should 
Eae the region of validity for the application of this 
c ory. 

I Iis ice cross-flow analogy, a Spinning missile placed 
in a flow at an angle of attack is assumed to have the flow 
ш посъсунсроше πε resolved into two components as shown in 


Figure 1. 
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Figure 1. Velocity Components over a Spinning 
Missile 
The drift experienced by the missile during flight can 
ese plained by investigating the effect of the cross-flow 
5 Προπεπε (the velocity component perpendicular to the 
missile). 
From inviscid flow theory it is known that lift per 
unit span on a spinning cylinder in a uniform stream is 
CMM 
where T is the circulation of the flow. The flow pattern 


for the spinning cylinder in inviscid flow is shown in 


pure 2. 
— —M 
Eeun Zam Streamlime Pattern of a Spinning 


Cylinder in Inviscid Flow 


IDE 
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ο στο low theory is helpful for understanding how 
lift is generated on a body in a flow, but it ignores how 
the Circulation responsible for the lift is generated. 

Real flow is viscous and does not behave as described 
in inviscid flow theory near the body surface. From bound- 
ary layer theory it is known that the flow around a spinning 
cylinder forms a boundary layer. This boundary layer is 
mitamately shed somewhere on the rear side of the cylinder 
mene flow. Because of the cylinder's rotation, the 
boundary layer formed is not symmetric about the cylinder 
nor is it shed symmetrically in the flow. The boundary layer 
is shed in the form of vortices and is shown schematically 


ИШЕ рте 3. 


Y = 


-— 2 


μπε 5. boundary Layer and Shed Vorticity for 

a Spinning Cylinder in Inviscid Flow 
The net vorticity is in the direction opposite to the 
Bocacion ot the cylinder, in this case counter-clockwise. 
Because the total vorticity must be zero for the flow as 
сие полети теди Каслоп in the clockwise direction is gen- 


erated and it is this circulation which provides a 
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Ix Ncontributszon te the Magnus force acting on the 
einder. 

In addition to the circulation, boundary layer dis- 
müEement thickness, radial pressure gradient in the bound- 
mudlaver, and the presence of skin friction shearing 
Stresses contribute to the production of a Magnus force. 
Mieedisplacement thickness is the distance by which the 
boundary layer would have to be displaced if the entire 
flow were imagined to be frictionless. A representation 
of the displacement thickness is shown in Figure 3. 11 
inet symmetric about the cylinder because of the effect 
the cylinder's spin has on the boundary layer growth. 
Knowledge of the displacement thickness permits use of a 
КЕЕ расед body in place of the actual body such that the 
flow around the body can be considered frictionless. As 
ο δο seen in Figure 3, the magnitudes of the velocity 
components at the boundary layer edge of the advancing sid 
of the cylinder are less than those of the retreating side 
and hence the outer inviscid flow velocity is less below 
the cylinder than above. Because this outer flow is 
frictionless, Bernoulli's equation predicts that the 
pressure below the cylinder is less than that above, and 
a lift is generated. 

Although small, it can be shown that there is a radial 
Pressure gradient in the boundary layer around the cylinder 


due to the surface curvature. When integrated, the change 


ES 





ШО т гасе pressure due to this pressure gradient contri- 
Pur s to the cylinder's lift. 

The presence of friction on the surface of the cylinder 
Bears a cause of lift. When the frictional shearing 
Stress is integrated over the cylinder's surface there is 
BEES uD»onent of the resultant force in the direction of 
just. 

hough circulation is a major factor in creating 
MEX Con the spinning cylinder, the effects of the radial 
E ssure gradient and surface friction, however small, 
Should be included in the analysis of the total Magnus 


se developed by the cylinder. 
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DESCRIPTION OF APPARATUS 


Testing to obtain experimental force data was done in 
the Naval Postgraduate School low speed wind tunnel. The 
tunnel test section was hexagonal in shape with maximum 
emmemstons of 3.5 x 5.0 feet. 

The model used for testing was a five-sectioned 
Seem cylinder 2.950 inches in diameter with an ogive 
nose shape as shown in Figure 4. The missile was con- 
ШШ еа in sections so that length-to-diameter ratios of 
ОШО 7.8, and 6.0 could be tested. 

Figure 5 is a line drawing of the model and sting 
balance system. The missile was supported by two Fafnir 
KD66 precision ball bearings which were press-fitted onto 
the sting balance. Each bearing was enclosed in a stainless 
Stee! collar which allowed the missile to be fastened to 
E КОШТИ screws. Mounted at the end of the balance was a 
1/8 horsepower Standard Pneumatic rotary vn Soi directional 
compressed air motor. Figure 6 shows the balance, bearing, 
and motor configuration. The compressed air was supplied 
to the motor through 1/4-inch copper tubing routed along 
the missile support apparatus. 

Mounted on the drive shaft of the air motor was an 
aluminum drive disk. Located near the disk was an elec- 
tromagnetic tachometer pickup which sensed passage of 


ferrous material (steel screws) in the aluminum disk. 


1. 
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Test Model at Positive Angle of Attack 


Figure 4. 
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Also mounted M ne balance were two four-element 
Strain gage bridge circuits which were used to measure 
Strain in the sting balance and thus provide the means of 
demining the Magnus force and its center of pressure. 
Each gage was a Baldwin-Lima-Hamilton strain gage, model 
воет FAE 25 12513, with a gage factor of 2.08. The 
arrangement of the gages for one bridge 1s shown in 
ire 7. The gages were wired in such a manner as to 
sense only side force and the Magnus moment applied to the 
onnee. Because of the beam geometry and the longitudinal 
arrangement of the gages there was no response to any 
τει torque. Lift forces on the beam also had no effect 
ЕВЕ bridge output because of gage arrangement. The 
eee remained balanced when lift ee were applied 
because one pair of gages (#2 and #4 as shown) was in com- 
pucswon while the other pair (#1 апа *3) was in tension. 
uM Urrents in each pair were different because resist- 
ances were different, but because the voltage drop was the 
same across each pair the bridge remained balanced. 
Because each bridge circuit was made up of four active 
elements the strain indication was magnified by a factor 
of four. The bridge was also temperature compensating 
because all elements were affected the same by changes in 
uuu creature.  Frgeure 8 is a picture of one side of the 
balance with mounted strain gages. 

The balance was screwed at its base into a tapered, 


circular cross-section, stainless steel sting. The sting 
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Калета in place ac its base by a support and could be 
rotated 90? for measurements in either the horizontal or 
vertical plane. A 90 x 6 x l-inch aluminum sting support 
was bolted top and bottom to the wind tunnel to support 
the missile and sting arrangement. The beam was machined 
sssi i the entire sting could be rotated in the vertical 
plane to provide angle of attack as shown in Figure 4. 
The sting support was raised or lowered to keep the model 
m in the test section. The angle of attack was 
measured with a clinometer. 

lure 9 1S a wiring diagram of the electronics used 
ШОШО Гап data. An input voltage of 6 volts was supplied 
Ex cn bridge circuit by a Moxon Electronics SRC Division 
power supply, model 3564. Each bridge output was amplified 
Da xctor of 100 by an Aztec model 886 DC amplifier and 
recorded on a Hewlett-Packard two channel chart recorder, 
model 7100B. Iwo potentiometers per bridge circuit were 
Ego initially balance each bridge before testing was 
Eun Figure 10 is a picture of the apparatus used in 
тие mu. lomaddition to the digital counter, a 
General Radio strobe, model 1540-Pl, was also used to 


пел пе missile spin rate to the nearest 10 RPM. 
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CALIBRATION AND DATA REDUCTION METHODS 


speed in the tunnel test section was measured using 
water manometry. A pitot tube which measured total and 
Eu pressures in the test section provided the inputs 
to the water manometry set up. Because the pitot tube was 
Ned in the most forward part of the test section and 
ss JX inches off the test section's floor, calibration 
of the system was necessary. To calibrate the tunnel's 
we another pitot tube was mounted in the center of the 
erection and readings were compared throughout the 
range of airspeeds possible in the tunnel. These corrections 
“πο readinps were made in the computer data reduction 
program. 

casaron to pitot tube calibration, corrections to 
MINES Section velocities were necessary due to test sec- 
tron Diockage by the model. The correction applied is 


a veloped in Pankhurst and Holder [9]: 


К оре E МОРЕ и uu) 


where V MDeVe loci rectly measured xn the tunnel 


obs 
ШОО Section, €. ЕЕС етае оока вот ама iS given 
by: 

Vol 


Т |. 
= (ч)? Т ша. 
е Gre) НЕ “5/2 


where gun is a factor appropriate to a body of revolu- 


tion, T is a factor dependent on the shape of the tunnel 
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PIO τοι ois the volume of the model, D/L is the 
moeiprocaimor the model fineness ratio, and C is the tunnel 
Q t ection cross sectional area. 

Corrections to test data due to the effect of air hose 
wee zation on bridge circuit output were necessary. 

I ure applied to the air motor stiffened the rubber hoses 
ο io to the motor and caused a deflection in the sting 
meee which in turn affected strain gage bridge output. 
Corrections for pressurization were made in the computer 
de duction program to correct for these effects. Input 
ЕСЕК От the pressurization corrections were obtained by 
Meret ecalibration of the sting balance which gave chartline 
Ace tion for any given air pressure. 

ΠΡ balance system described previously was cali- 
brated by hanging a known weight a known distance from each 
bum cscuremiPlocation and recording each bridge's output 
Eu πα ος ο Dart lines on the Hewlett-Packard chart 
m c rT al bration apparatus is shown xm Figure 11. 
Eyeplottines the moment versus chartline deflection for 
. ὅτιαρς Circuit linear graphs were obtained whose slopes 
I calculated. Test results (chartline deflections for 
unknown forces) were multiplied by the slopes for each 
τ со determine moments. By knowing the moment at 
EEbrrdge circuit the appliedWforce and its location as 
shown in Figure 12 were calculated using the following 


simultaneous algebraic equations: 
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Figure 12. Strain Gage Bridge/Beam Geometry 
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Е ВО р ВОт Ф PROCEDURE 


Testing to determine the Magnus moments was done with 
memenyective of obtaining data to verify the theoretical 
equation developed by Power in 1971 [8], which predicts 
the Magnus force coefficient developed by a spinning body 
Of revolution. Power's equation showed that the Magnus 
force coefficient was dependent on angle of attack, non- 
dimensional spin rate (ratio of Cylinder surface speed to 
flow velocity), model length-to-diameter ratio, the 
Reynolds number based on missile length, and the cross flow 


Reynolds number. 


Шар: L l, (і i 
Cy R 2 (5) f 60.9757 + Ee (5 [256 σι ne 
L L 
357.37] - ш: b^] (1) 
i 


.60 f . : i : : 
1 = 12875 ads Seven, in figure 12, 15 а functio 


pere С 
of cylinder spin rate and angle of attack. By varying 

angle of attack, non-dimensional spin rate, and the model 
length-to-diameter ratio while maintaining constant Reynolds 
numbers for each angle of attack, data could be obtained 

for three length-to-diameter ratios and various Ta rates 
which would enable the theoretical equation to be compared 


with experimental data. Because the non-dimensional spin 


Mace was in part dependent upon the Reynolds number based 
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on model length, two Reynolds numbers were chosen for testing 
which were compatible with all three model lengths and wind 
tunnel capabilities. The two Reynolds numbers selected were 
ο ο and 1,600,000. 

It was found that pre-determining non-dimensional spin 
rate (р) for the given Reynolds number was impractical 
ШЕШ се the spin rate required for each p was difficult and 
time-consuming to set during testing. Therefore, the pro- 
cedure decided upon was to pre-select various air pressures 
шощешенатт motor and accept whatever spin rates and hence 
p's prat resulted. 

Procedure played a major part in the testing because 
s time that could be saved through proper planning. 
Because two tunnel velocities and a wide range of non- 
dimensional spin rates (plus and minus) were tested for 
516 of attack, testing was extremely time consuming. 
By establishing a procedure which involved a minimum number 
NEonirguration, tunnel velocity, and model spin rate 
ο απο, the time consumed for any part of the testing was 
reduced to a minimum. - 

Ороп completion of testing all raw data obtained were 
typed on computer cards and fed into an IBM 360 digital 


computer and reduced by the data reduction program. 


31 





DATA ANALYSIS 


Due to various physical phenomena encountered during 
u е9 06 the raw data obtained were very difficult to 
analyze to obtain meaningful results. A sample of the 
Bor data obtained during the testing from the Hewlett- 
imd chart recorder is shown in Figure 14. 

The raw data indicated that the missile vibrated in 
two modes during the testing. The amplitude of the short 
period mode varied between three and five chartlines 
emee and five millivolts) and appeared to be at a con- 
Stant frequency throughout the testing. The amplitude of 
the long period mode varied between eight and eleven chart- 
lines in amplitude (measured from the mean of the short 
Anod oscillation) but its frequency was random. 

Data were obtained by considering the long period mode 
first. The best estimate of its average amplitude was 
made and this information was modified, if necessary, by 
considering the superimposed average short period amplitude. 
In this way a constant voltage value was determined for use 
in the data reduction program. Because of the constant 
frequency of oscillation of the short period mode, averag- 
ing was easy compared to averaging the random oscillations 
of the long period mode. These vibrational modes were 
caused by at least four major effects. First, tunnel wall 


vibration was transmitted to the model through the model 
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Support system. The sting and support were bolted directly 
@emtne tunnel! floor and ceiling in the test section. Lack 
of time prevented the construction of the originally 
designed isolated support system. Second, mass unbalance 
of the missile itself caused a vibration when the missile 
tam otating. Even though the missile and bearing collars 
were finely machined there was a mass unbalance due to 
varying missile wall thickness and bearing slop. Third, 
Hxetrrc vortex shedding and leeside separation of the 
flow about the missile added to the vibration. This was a 
function of Reynolds number and rotation rate. Fourth, the 
Priel test section velocity was not constant and large air 
mroweriuctuations occurred. The solution to this problem 
would be to install flow-straightening screens to the tunnel 
to ensure constant low turbulence flow in the test section. 
During the testing a breakdown forced the removal of 
EMEN the two counter-rotating Bendix constant speed pro- 
ΙΙ’ π56ὰ to generate the tunnel's velocity. This 
severely reduced the maximum velocity that could be 
attained and subsequently delayed the testing programs until 
maintenance was completed and a new set of parameters for 
testing, reflecting the change in tunnel speed capability, 
cOmO. pe computed. The removal of the propeller was nec- 
ЕЕ because of lack of parts. The long period of vibra- 
tion was attributed primarily to the tunnel test section 


σον fluctuations while the short period oscillations 
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were attributed to SINIT wall vibration, mass unbalance 
an the missile, asymmetric vortex shedding, and flow 
separation. 

Because of the magnitude of the oscillations and 
tunnel ER variations. error Dounds were computed: Due to 
Mime of strip chart paper used (ten chart lines per 
inch) it was assumed that the raw data were accurate to 
7:1 επατί]τπε. It was also estimated that tunnel 
flow fluctuation was +] centimeter of water at dynamic 
pu rumes above 10 centimeters of water and +.5 centimeter 
NON 'namic pressures of l0 centimeters. Evaluation of 
the error bound for each data point was done by computer 
си Ев and representative values are shown in Figure 15. 
The error in Cy due to tunnel velocity fluctuations was 
about 11$ at each Reynolds number tested. The major error 
contribution was due to the vibration and the resulting 
ut to interpret the strain gage readings accurately. 
Mieruncertainty bound for each data point was computed by 
none chartline to the aft bridge circuit reading and 
subtracting one chartline from the forward bridge circuit 
reading. In this way the maximum testing error could be 
О атед. It can be seen in Figure 15 that the larger 
of these uncertainties occurred for the lowest Reynolds 
number and highest angles of attack (Cy Ts directly pro- 


portional to angle of attack and inversely proportional 


to tunnel velocity). Because of the magnitude of the error 
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Mommas, interpretation of the data was very difficult. 
mar problems have plagued all experimenters investigat- 
Manus forces to date. The forces measured are very 
mall and the data accuracy required is better than that 


usually required for measuring drag forces. 


ST 





RESULTS 


representative summary of the data obtained during 
Sepetimentation 1s presented in tabular form in Appendix В 
and graphically in Figures 16 through 27. Figures 16 
@immough 20 are plots of corrected data. At each angle of 
attack the data were reduced by subtracting the Magnus 
force coefficient obtained for the no-spin condition from 
Саена са ропе. This ensured that the curve of force 
coefficient versus spin rate would pass through the origin 
as predicted by theory. This procedure corrected the data 
mane experimental side force coefficient resulting from 
As sile yawing mis-alignment in the tunnel.  Represen- 
tatıve error bounds for the data points are shown for each 
Ene first five plots (16 through 20). As discussed 
earlier, the bound is larger for the smaller Reynolds 
number and higher angles of attack. Small d and p theory 


predicts that a plot of C, versus p is linear. Hence the 


ү 
corrected data points in Figures 16 through 20 were fitted 
with a straight line whose slope OC, /Óp was cross-plotted 
δη angle of attack for each length-to-diameter ratio 

and Reynolds number. This slope was then adjusted to 

tela a smooth variation for OC, /0 p versus Q. Justification 


for this method was provided by the size of the error bound 


m each case. 
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Figures 21l ТОЛОП 25 are the resulting plots of the 
Dnus force coefficient Cy versus angle of attack q. Also 
shown are results developed by Power and Kelly for calcu- 
meme Magnus force coefficients. Figures 26 and 27 are 
meets Of Magnus force coefficient versus length-to-diameter 
ratios for constant Reynolds number and angle of attack 


and for various spin rates. 


39 





Пл п, ее οι лышт 


с" - 
T 
С) 
annog 
ЧОЯЯЯ 
Т Мо 
С) 
p с. 2: D | [D z с. p 
d Š 
© 
© Te 
ο oSI = 2 
09 = 1/7 
a с01х0°4 = (1)ӘҸ 
c 


40 





annog 
odada 


Jer 


| 


d "SA JUSIITFI9ON 92401] зпизей 


TuS 
CORE 
Τα 
p 
(2 
Da 
p 
p 
с 


"LT sandra 


9 


o81 


0'9 


OTX9” IT 


I 
O 


а/7 


Н 


(TJA 


41 





ger 


d *sA JUSTITFFOOD 3210] snugew 81 ain3tTy 


м 
Zar 
ампоя 
uOWug © 
per: 
ο 
S" p Ç ° с" D | Е s se y" - 
5 
С o9 = D 
Ζ' Шш - (T)9uU 
с. 


42 





GNNO 
odai 


ἆ '5λ 1Ι9ΘΤΟΤΙΙ90Ο2 еолод зпидеи “61 sansty 


Ф A -ε-- 


= 1/7 


(TEN 


45 





ger 


UNNOA 
ЧОНИЯ 


d *SA 3U9121377902 e21o04J snugew "02 2101814 





Y 


SE 
66 
ЗЕ = 


9 


q/1 


(1)91 


44 





του 

уй = 620 

ο - WE ECOM aired 

9 р=.4 } curves 
Power 

γεγο Kelly 


Igne 21. Magnus Force Coefficient 
VS Angle Tor Attack 


45 





"ES ft 








№ 


Y 
= 6 
Re(L) = 1.6x10 
DADAS OO 
OF =? ж τει 
UC) p 2.4 curves 
Power | 
фа тт. кету Р 
Ze 
p p 
= [*] 
- 
= 
-- 2 ee р 
a == С) 
о = 
ЕИ ЕО 
u p (9 
а 
6 12 18 
Paare 22. Magnus Force Coefficient 


vs. Angle of Attack 


46 





с буе 
Re(1) = 7x10? 
I ie C 
О р= .2 } from faired i 
В М и curves αι 
ГА - 
/ р 
ar Sy 
ο 5 erly 
/ 
/ 
А 
/ E) _ 
Ἴ ^P 
= 
PA 7 
fel = 
/ 7 
cd (2 
7 
τ © 
27 
= 
1% O 
6 12 18 


Eseure 23, 


Magnus Force Coefficient 
vs.: Angle of Attack 


47 





Ү 
E 6 
ВЕ T.6x10 
L/D = 7.8 
τν - ο ) from faired 
В р-.4 curves 
Power 
c ER ο Εν и 
⁄ 
> 
A 
d 
7 
zt 27 
СС ra Ο 
- 
Z ae 
-- 
A E Q 
ІГ — 
— Ü 
^ (2 
6 12 18 
Figure 24. Magnus Force Coefficient 


vs. Angle of Attack 


48 


да 


ἘΠ. "rj! 


| 





р = 
Cy 
_ 6 
ео 
L/D = 9.9 
NES - 9 faired 
n р = .4/ curves / 
/ 
Power 7 
ΚΕ ΚΚΕ ΕΜ Kelly / 
„A 
/ 
74 
/ 
7 
/ ΄ 
А P 
7 
// ри: 
/ ⁄ 5 
= 
A er 
2 В @ 
© 
6 12 


ебите 25. 


Macgnus~Farce Coeficient 


MS 


Angle of Attack 


49 


18 


μον. ket 












Ве (1,) = 1.6х106 
I 
p = ,2 from faired DRM 
СОЈ р = a curves р 
Ромет а = 
— —— — Kelly A 





Figure 26. 


Magnus Force Coefficient vs. L/D 


50 





L/D 





Ee) 1.6x109 
- 18? 

Gen = .2 from faired 

m... 


. 4 


ситуе$ 


де 
ti 


Power 
— kelly 





СОИ Т 27. Magnus Force Coefficient vs, L/D 


SI 





CONCLUSIONS 


The graphical data suggest, but with the error bounds 
ο πο experimentation cannot verify, that the Magnus 
force might be linear in both Q and p for small angles of 
attack and small spin rates at constant Reynolds numbers. 
EBDnercexperimenters have found non-linear variations of Cy 
at angles of attack greater than 10°. Power's theory puc. 
guts a linear variation with p and non-linear variation 
ИШТ while Kelly's [7] predicts a linear variation with 
МОЛ р and а . However, due to the magnitude of the error 
= ocsated with each data point obtained, a great deal of 
latitude for data interpretation was available once the 
data were reduced. The data scatter indicates that if the 
sources of error discussed in the data analysis section 
could be reduced, the results would be more valid for 
comparison. 

In general the forces obtained were much lower than 
those predicted by Kelly's or Power's theory as shown by 
Figures 21 through 25. These theories were developed 
assuming an open-ended cylinder while the model had an 
ogive nose shape. This difference alone, however, cannot 
Peecount for the discrepancies between theory and experi- 
mental results. Figures 26 and 27 indicate that as the 


length-to-diameter ratio of the missile increases, so does 
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the side force. However, comparison of the experimental 


BuU with theory shows that the variation of C. with L/D 


D 
in the region of these experiments is smaller than predicted 
| 

The experimental data presented in Figures 21 through 
ore used to calculate С, in equation (1). The results 
showed С to be a small negative number. This implies 
that flow circulation contributed negatively to the Magnus 
tce; which contradicts physical reasoning. If C170, the 
resulting equation is essentially what Kelly predicted. 
However, the theory must not be- -discounted ерту реванша 
ο εχρεχαπεητα] data do not support it. When the error 
MesGerated with the data is considered it is readily 
aparent that the data may not correlate with theory. 

Because the measurement of these forces is so critical, 
a better method for measuring them must be devised. 
Although the method used did provide some meaningful data 
which supported theory to some extent, the necessity for 
finer instrumentation and refinement of equipment is 
obvious. Precise machining was necessary for all of the 
apparatus, but no amount of machining or expensive, elab- 
orate electronic equipment will enable accurate data to 
be obtained if other parameters such as poor tunnel flow 
wm acteristics are a part of the system. The model, as 
Bomstructed, can be tested with a variety of nose shapes 


Eos chat comparisons can be made of the effects different 


forebody shapes have on the production of Magnus forces. 
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However, until more accurate results are obtainable it 
would be useless to test different forebody shapes.  Be- 
cause the data obtained do indicate that some side force 
was measured there is sufficient reason for continuing the 
experimentation with re-designed equipment to obtain more 


meaningful results. 
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RECOMMENDATIONS FOR FURTHER STUDY 


1. Design a more sensitive balance that is less 
i l ected by air motor hose pressurization. 

yee Redesign the sting mounting so that it is iso- 
τοπ test section vibrations. 

СЕ Саа flow straightening screens to reduce 
meme! test section flow fluctuations. 

4. Re-examine the circulation coefficient σι το 
correlate theory by taking new data with improved exper- 
imental system. 

5. Perform nose shape studies to assess the affects 


of forebody shape on Magnus force. 


55 





13 JANUARY 1973 
17.714 INCHES (L/D 


TESTING DATE 


6.0) 


SS TRE TEENS 


z Осе) ЧУ SOMADMODO ο «Οσβ-ο ο 

C)O COO OO OOQOO cc -—-—-OOOOOQOO(QWYranmmoccecmwtu.xr- m 

Q 9 e 5 o ө ө o ө ө ө ө ϱ ө ө ο 9 өе ο 9 ο ө ө o 06 ϱ ө ° ç ө ө o е 

ον ооооооОоООооОоОООоОооООООооОоОоОоО 
ΙΙ 


FONNNONAÄM- NODOMOLFMANOOD ч сс) д Оңу то + ос + © 
>осоососоч4ч-4- а ----ч-оосоосоосо-о-о-чо-++ 
"^ 9 @ @ o @ ϱ ө 9° 069 © ө ө ө 0 0 ο 0 0 о Р ө ө © ө ө 96 ϱ 0 ο o O 
о 

| | | Í ΙΙ | | | 


mA OIE LAD COMODO о ЧМ — < Г © О О 60 са СИГ чм Хо спо о чоо 
+ СО СЫС NA OLAS фи $ $ са са суси сес Φως 
~" 599 ο 9$ .4 0 @ o 0 0 оо оо о о оо о 9 0 ϱ €? ϱ 9 € ο ο ο 9 ο 
ге2еосоососоооососоосооосооооооосоосо 

| 


ООЧУ ГУМ pO S= чус О ADAL DO A DN DIM O99 OS SY 
| 0404000 СЫ СО) ү} СО © © © СО О ч ССМ СМ СМ СО СС СМ СО ОЭ ча часа ти 
= «+ 49 9 6ο 49 ο 9 9 /. 9 ° φ ο 96 0 Ὁ o 9 0 o 0 ϱ 0 0 9 0ϱ о о о ө э 
O OSO Oo 
ΠῚ 


>осоосососососоосоосоососоосоосоососоо 
CII l lil lll ll ERA ASA 


YY MAN ON NN DA 0 О бечо О e 0 суи Оо Оче cC U CN IS wo 
>O OONO ON ma NANN e 04 -O0O OOOOOO cc c-Or-O ч 
С) e * e «€ 90 @ о о о о оо о * 0 o о о 0 9ο 9 9 о о Q ө э ө 0ο ο 

CO OOO O COOO OC OC OCO OOQOOOCOO OC) OCOC)OOC9)C)O DS OCC) 

| ΠΝ. | | I | | | | ΙΙ 


сеч тоа чл OF DON OD MANO O HA ANONS FTN HDS 
000000000 0-0000050000000000000 m 
€ 9? e 9 8 4 9 o o 9$9 o9 9 0 ο 0 *9* 9 0 9 9 0 ο 9 9 o 9 o 9 0 9 ο ο 


ОГО "| O | ωώσωσ ro 7 ο и 


> OYOONOO очосгсечоо0 гот оо 4 + NONNMTON 
DON COS QM MF ON MAMA MMO AIM x e 0 0009 O e 00 00 0N a 
L vv 2 ө ө ө fF е ө @ o @ B ө © ө oe © o ө 6 e 9 ϱ 0 0 9 ө ө @ O 
ος ο ου ου ους οσο οσο IO 
O. | I| | | 1 Í l ! | ει | 


* 9 e 9 o e 9 ọọ 9 9? q ° q 6 9° ϱ 9 9$ o ϐ ϱ 0ο O 0 ө 9? o 9$ ce 9 6ο 
EZ ΟιωιωιωιωώωώΟιωοΟοιωιωώοοώΟΟοσοιωώοὐοΟοιωςΟιωΟοοΟλιω- ιωιω 
Q. ΟΟΟΟΩΟΟΟΟ Ώϱ ΟΟΟΟΟ σι οσοι Ο)-- ΟΛ. Τι юм 
ОС FSC OP Оо Гг ОЧУЫ ЧН Ὠσσίίωοοωο лог Що 

d N N e N COLON μι Pu d ^^ mt SO HHA 
ГЕП ΙΙ ΙΙ гр | 


OOOOOOOONNNNNNNNNANNNINNNNONNNNNOON 
> өө ө @ ο ο ө ө 6 0 09 0 o 9 9 ө © ө ө ° ө 6 ? e ө ө ө 9? ө 9? ? ϱ 
WDODODODOOOODOOOODOOOT SPP if + J —— —— —— — — 
CO CO CQ co CO CO cO OO CO CO CO co 92 СЮ сю OO СО ОО СОЮ со) СО С co CO CO 20 OO eo 0O CO eO CO 


UV UVA ya ULA LA LAN LALA LA LA LAN LA LA LAN LA LA LA AY LALA LAN LA LA UD LV LY UY LC UN 
ОСО СООСУ о Оо ОСОО Оос ООСО 5 5 Oo 
c. 
-JUU UJU UU uu UJ UU UU UU UJ LU UU UU Ни UU тшш шш UJUI UULU UULU UJUJ UL LLI 
coo LY UN UN ЦА ЦА ЦА ЦА ЦАР Ορ Phe Pew Pe Ph Be Phe У М М М М Pa AY UA SA AY UV UN UN UN 
Шча чч о О О ООО Ф ФО ММК Р-Р Г РГ Г © СМ си сис сис 
XNNNNNNNNDNNNNNNOODOODOOOOOODODOO 
sett ett SS SAHIN MON суу СО са ONU LA LALA GA LA LA LAN 
(C 00 0 e 00 09 (9 (0 09 60 00 9 (06$ c (à O OO O O GO O 5 0-0 Q0 -O О © 
€ € 9 9 9 9. 9 0 0 ϱ 9 0 o 9 9.9 9.4 9 9 ο 0 0 0 о о оо о ө 9 ө 


f. S f f P e P P e Pe Pe Pe P Pe P P P PP [P P P охоо ооо 


<( à O O OOOOOOOOOOOOOO]QOOOOOOOOOOOOOOoOOo 
COD ° ө 49 0 ο @ 0 0ο @ ө © ө 0 0 0 0 0 ө 000 0 9 9 9. 9 4 υ 9 59 ө 


тоосооо0оо0.0.0.0.0:0 0.0 осчсчечсисчисчесчсноо 9050 а) 20 60 60 90 
r red e А ч 4 ч 4 4 4 4 + e e 


56 








13 JANUARY 1973 


TESTING DATE 


6.0) 


17-71% INCHES (L/D = 


Meo bee BENG acl 


= ЧМО Оч Y FUMAN A momo mur rm 

00000000000000000000009 == 20 AA ANNNA 

Q 0009000800 0009000000091 @ ο G ө е 9$ о ее o ο Ó 

еее 
| |! 


$ MA NOA O eue e arm e d ege e счете оО со 
>9OOOO0O0909090000699990 90. 90959 9090035 000909 
Ὃ € 9$ 6€ 46 ὁ ο 9* ὁϱ 9 9 6 0 0 0 0ὐὁ 0 0 06 c. ө @ е 000000000. 
νη “ΠΤΙ σι ος 

| | | | πι τι νι 


Am AIO PY OO Е ЧУС СУ СО ОМУ ОУ М СО М Сге о ЧУ сч ч са со Sr NWO 
+ ооо ооо ооо ооо ооо ооо оао 
w @ @ €9 9*9 e o € à 9 ө с EL 0 Q Q 9v 9 @ @ @ @ © qg 0ὁ 0ὁ @ ә 0 o 9 e 
ΑΞ: O CO O CO OO OQ OOOOOO 
| 


— 00 E NOAA D UY TO C A LCO e 04 m 00 600 0: 9 16 0 ОНА CO [= (S< Ou LM I-A 
| OOOOOOOOOOOOOOOOOOOOOOOOOoOoOOOOOOond-d 
-- e 9* e o © è 9*9 0ὁ ο 9* 9 9 9? ϱ 0 0ὁ ο © $9 ὁ 0 ϱ 9*6 ф о 9? 9 ICO 
2 0OO0O00O0OOOOOOOOOOoOOoOOoOoOoOoOoOoooOoooooco 
ΠΙΤΕΡ ЕТИН ЕІ 


πω Οι 00 СУ Ф СУЕ СУУ СУ СМ ч „ч СУ СОО СОС СУ OO OnO 
σοοοοσοοσοοοοςσοοοοοσοσοὄώοοοσοοσοοσοοοσοοσὄοσσσσο” 
ο ο ο @ e © @ ο @ o o © o © O o @ ео 0 0 0 0 9 в 0 9 o 6 @ e $ @ Ó 
COCO O OCO осоо C OC OC CO C OCO ο «ο Εώς ο ο ος ο οσους) 
} | і | 1 Б.К Кар PT P 1=l 


O (N ++ [< çN O SIE OF COLD FOF Т СО NULA MOP Ос Ом 
> CS OOO OCO COCO O с) OC с› о O mC OC OO SO 909099 909998 


t @ 9 ο ὁ ὁ ο 6 ο 9*9 Q ο 0 0. 0 9? ο ὁ $6 9 9 o o O e @ . о оф 9 


(ος ο ου ος Φος οσο ο οι ΠΠ 


> ЧИСМУ О СО чеш ООММ Ога НА BDANONM SL 
LOMA A A AAA —@ —— —— — — —@ —=— —— ———@ Om mim e 
L ° e ө ө 0 © е ө @ 2. 0 0 0 © е @ 0@ 2 8 е Q 9 ὁ © @ o 9 ө o 9? ө е 
1C) G CO CO OC 0) C)O OO) 0969 C9) OE 60 C) осо Ос CO CO Осо о 
e 111 I ! | Т it i 


* e 9 e 9 9 ο © © Gs © е 6 9 e 9 9 o @ o @ 9? ο 9$ 9? ϱ 9$ o 9 00ο ο 
хооососососогоплоосзоодолсоопсосооспсоо 
а О-о съм МОО FONDO Ni со! ОМ! © 
x мокро К ОО {АО ШО Оче) ГОО че 

HAAIAIRIQINN ANAINANN С СЧ СЧСЧСУ чеч чч С СЧ 

I | ! ΙΙ prude | ! | 


М “М ММГ ОСО СО С С Оа а —— 00 O co co CO co cO CO 
> 0. Ὁ Ὁ ο © е у © 91, 0 Ὁ е © @ ϱ 0 09 е 1 ὁ 1 ® ө @ @ o @ е 496 9 ϱ 9 
SOOOOOOOOOOODODOO OTTO OOOOONO NO 
ОУ ОЗСА ОУ ОУ ОУ ОУ Ол С\ ОУ ОУ ОХОУ ОХО Оос ОО Оо O O O Oco OO O O O 
ie e чч ч ч А ч «4 <-«<+4 e OO CJ O0J OJON CO OJ eO СМ. СМ) СМ СМ СМ 0d e 


«O9 «O0 OO «OO OO OQ OO «OO O«O9 «OO «O«O«O OO «O*O«0«O«O«QoO-«O 
CC CO OCO CO O CO C OCO OCO CO O OO O OO O O OO OO OO O DO 
UU ΤΕ ΤΗΕ ΕΕ ΕΕ ΕΕ ΣΕ ΕΕ ΤΕΕ ΜΕΣ ΕΝ ΣΕ ΣΤΕ ΝΕ ΕΕΣ ΡΕ ΣΕ Νεα 
МАС ООЗ СЗС СХ С Сч ч А ч ч А СОУ ХО О О ОО ВГУ Б Р-Р = = 
LJ OO YN G QN Oa O O O O OO OO O O OOO O OO OCO OG: SOI OY Os 
с. A r IA OO O O n Ya rn rq n Q rO O O O OO OO SQ O OCA AQ AC OO 
S. PS r= < ο r= ҺЫ ҺЫ М r= М r= cO co co 95 c0 co Q co == == —— — 
ΟΦ) ὈθΟοΟώΟώΟΟςΟΟΩΟΩΟΟώ ΟΦ ΟΟΟΟΩΟΟύώΟ 
e ù 9? ο 9 1 6 6 $9 G 6 9 9 9 9 0 ϱ 0 0 0 0 9 9 49 ϱ 09 9*0 9 ο 0 
[td 


GOOSOOOO9O9090000909900 0090990988, 90000 


C) o 4. ө 0 0 е 1 @ o 89 е ө © o 8 1 е 0 0 0 0 0 0 09 0 ө ө э ο 49 @ 


<( O O O O OC Ос) ООо ОООО хо см! СМ! сМ СМ! СМ \) CJ oJ CO cO cO CO CO CO O co 
—————— YE  Ə 


Би 





17 JANUARY 1973 


TESTING DATE 


7.8) 


23.129 INCHES (C/D: 


MESS tee LENG TA 


= OPS ISO CO RSJ QUAD Fe qa O ++ 5 —4 OO cy CO 
C)OOOQOQO OO OO (OX oJoJ e - 00 OO QOt-r- 200 +f + ПСЖ t 
О © «© ө ө ө © ө ө © © © © 6 © © © © © © © © 0. 6 6 9 o 0 ç o @ oo ө 
>-OOO000000900000000000900000099 HH HH O0OO 
C | Í! | 


* 0-0 OrcJ«t72090 «00 + -л си г О О соо са аси СХ Фф eye 0 NS 

> QO eO mo «tuu oJ ej THUN HAM IM XO US e C C0 d 03 00 ON 

~ 9 09€ 9 ọ oe 9* ο 0.0 ο 9 o ο 9 © © 9? ϱ ὁ ϱ 9 ө . 0. ? o 9? оф 06 . 0 

que ACE CS E о се 
{ 


О ГУО МСМ СУШ Q. + .O + +T (N Q + + O: (N CN — — O 0000 «T ue 0 20 СЈ 
FINO Y DO Gre y Pa ОМК DAD) PARO DO DO очсо очо MP 00 000 LN Pe Po 
~ 9 9 ὁ ο «© è ọ © © © © o 09 0 oo 0 QQ ο ὁ ө ө ө $9 9 9? Q ® ө ө 9 ο ο 


и 


AP OM OD + 59 © $ 00004 O Ovi Gino eme мч чә о ЧЕ со ч У 
Ш ON «FO 00 e C000 ч О eO CN OV e 0J JO OO 0e o3 CV oJ QO Q eO (nm e Яя 
wu 9 o 9 © © ?9 9 9. 0ο ο ó ο 9 9? ϱ 9 ϱ ο 9 090 9 o 0 0 0 ө о <q 9 99 ο 
9995995999995. 9 2999 e S Se ΘΟ 
ок 1 і | і ΠΤΙ Se | | | I Í l| 


O^ nM eA eI eU CO 0 0009 O co co ог AO + 0900 Ючуч 0 счечео у МГ 
> O CN O Ψώωιω Онч СО фс HANN CN «Fx. M OT ON LAM BON 
. 0. 9* e 9* 9 e 9$ o ө © © © © @ © у ө Өө 0 0 © @ © @ 9 © @ Gç 9. ө 0 
ο ο κ S CO ο ος ζω 5955 995 9 95959995958 95 

γ 


С 


QN X OO CO A Ссс С) ОСО ОО +++ T Oemu-uunWeoocoomr-.o 
>= OO OOO (δεις OO 4040 OO OO ec cc cc eOO 4ч-4чоо90о 
e 9* 9 ө © @ € 5 ϱ өө 9 4. 9 0 0 0 9 0 9 04 0 0 0 0 9 0 06 э 494 9 ? 


со оосо с оссо OO) COCOCOQOCO SO COGO Co C960 C) COGO COGO CO CO 


- (CunOOoQgem egdur-oed хол ло им- 
< © р филм Ох чом че SO Aaa Ma ana 
Т e ου ө 0 0 ο 0 9 ө ө Q ө ° ө ө © 2 ө ç 99 99 6 ϱ 0 0 Q ө 9 » ө 
Го ооо ооо ооо оо ооо 
| | l |! ME E itd itil 


€ è o © ©& @ © 000 @ © 09 o © © © © @ © 9? 9 9. e @ o 0 $9 o ο 9 
ооо ооо ом Όσιο σσ оосо соло әщоя 
а мысом со C00 O9 + CN O о О СУГУ со 0ч О еъ СУУ О\ с\у 
с о-«ччгоо оо-л-чсоо стгооюогтго-ч DPODODDIO 

ein He He e A Ae чк! 
l í l | tt і 


Су сеу ссу сеу Сусе СО ссу Г КУ Г № P9 f СО со со СО СО 00 09 ID LALA LALALA 00 O cO 
> e è у ө 0 ө © ө ө ®© o 9. 9 09 9.9 © у ө ө ө © 0 0 © ө ө ө о »9 ὁ 
€^ 00 00 00 СС СС) СС 00 00 09 eq 00 e оо Ром 
ΟϊθοΟοΟςςΟΟΟΟ ΟΟΟΟΟΟΟΟΩΟΟώ«ΟΟΟ« Οώ Ο.Ο. ΟΥ Ου Ο 


LY UY UY UL UV OY LC UY LC LALA LA LA LALA LALA LA LALA LA LALALA y LALALA LALALA 
005000 9000000090500 09000050050 ο ο νο ODGO 
μα uL Luju;uuldiu ig Lu (ии 
Ш ГГ Гл К МЕУ СО сеу СУ Су сеу СПУ СО СОСО су СС 00 e MMM 
WO0OO0IOOOOS FS TFT AeH eA C em eA 0 ч em em 4 ГӘ o 
QC e eA em 0 eA CO 00 C9 00 29 00 CO 90 00 CO UY LA UO UY LV UY LY LY CÓ (Y CO C0 00 0 ОУ ОУ 
UNUS UNUS NUUS SD ur MP Sr uns. ГГА МММ T rT LALA 
ооо ооо ооо ооо ооо 
€ 9 o 9? 9 9 9$ ϱ 9 0 ο ὐὁ 9* 6 © у 9 9 9 өө е ооо $9 9 9 0 9 ϱ 


М “К Pe М Г Г М Г Re Г Г РР Г Г м Г Г Г М Г МГ Г Οσο ο ο 


ооо OD COO OO OO OD OCO OQ емо 


Ο * e. 9*9 о 49 ϱ 0 0 ϱ 0 ο 0 0 ϱ Ὁ 0 ο 9 ө © © ө 6 0 0 9 9 9 9 ϱ 


ΙΟΟΟοΟΟΟΟΟΟ(ΟΩΟ ΟΟ ΟΙΟΟΟΩΟΩΟΩΟΙΟΩΟΩΟΟΟΟΟΟΟΟΟΟΟΟΟΟΟΟΟΦΟΟ 
aan 


58 








17 JANUARY 1973 


TESTING DATE 


= 23212 3 INGhes CE/D Тув) 


MISSILE LENGTH 


= DO +=" ООо О чо Ос] AORN ODD 
OO O OO OO OO OO ——0O0 O09) 0-1 cca rnOmmeouWesoedeey 
С. о е ео оо о о о о о ео о о оосо о ө Q Q ө е €? e. € ө у ө ө 90 9 
> O OCO C5SO OC OCO Oc OC CO O C ооо ооо ооо с 
e I lj |! 

e 

+ O A OO + Y Q GOO rJ 08 O OG IA OO CA OO cJ CN IGO 0 Орч с 
> чососозо4ч-оч4ч-чоо-чоооос4чч чзо< --о-ч-20о00о 
w 9 9 e ὁ @ ο è бо ὁ ο où ? © ө э өө өө © во од, 0 9 9 o о 


eo eo CA CAO COO οκ а ро 


— 000 00 00 eO cO m P- O ey (4o P- О чо со оо У ЈО хосоо Со 
Ἔ τ ч ОЧ ч СЧ СЧ 0 0 040 0 HAHN N N A су JO O з 
~" 9$ 9 $9 è 6 0 € 9? $9 9 eo 0? Q Φ 9 0 Q Q o 06 O0 o 9? өө ө о 4Φ o фо 


и 


ЧО ОООО ч О ч О СУ чуч M C0 1/010 S INA DT DD 
г2осососсоспососсоспоссососссосссосо 
"ws 9 9 eoe 6 8 9 ° 0 oo ° ο 9* Ooo ooo ὁ ϐ 0ο 0 Q o 0 0 ө €? 9 9 υ 9 ὁ 
и 
ы I і ! | | I| | Т 


Ог + © FPOAMNADNDPOO OM KHOAMMOANA AKO fAAA 
> 0 O0 O0 O0 rm m -—QO — — O0 O0 AH OO OD AH HA AHO O - HH ος) 
* € 9 e € © @ © © @ © © © 9* ϱ 0ὁ 9 ο 9 © © © o ө 0 o © © 59 Ó 


е 
в в то (в ооо оо ооо 


QJ QO O On - ООС МИМО О с eT 0) coUo qe Maa 
> e —4 0 AC 0 — aH O —4 0 — 0» — eO OCO e — — O0 O0 4 Сч ОО О 
ϱ @ ο 9* q 0.0. q 00000. 00.0 өө ө 9 8 Q 9? 9 @ ϱ 0 0 $9 ο ς 


ο ος ος CC COCO CCC C CC Co CO C» € 


F- cQOqgOonudqoOo .O-—h-9000 ΙιωΟ ΓΩ 2 «9050 4ο.Ο 
{Ολες чо 4 чан 4 4 >: 44 «4 «4 ч О «4 «4 «4 c 6 «4 e 
Tee ec © ө @ o ө ө ө © o ὁ 0 ο Ό 0 0. @ 0 0 Q 0 ὁ ὁ 0 9 ө 496 9 ϱ 
| QE DM OO OUO en 
ег I i Pl ! | ΙΙ 14 l ! | 


€ 8 9$ ο ο ù ọọ 9 ο ο © o 9 9 9. 0 94. 060 0 4. 0 0 4 0 o 06 0 . 0 0ο 
> Ой ОООЗЗО 12 ooo o» C,oO CO OBNOOC O cO LN 
α ФОО ч мо ОО мо шос мч осо ха 
X KNOOANOA DOADNDOO отгтгооосто DHADOODAY 
lA —- oo] fac l | —— e "A 11 


ο ο σοσσο ХО ОО О ))с)ОоО со С) СО) СО ОСО сусу М с\ус\ СМ с\у СМ 
> e a ө ө ө 1 о о © 2 9.00899 09 9 Q 0ὁ 0 0 © ө ө © o 9 ө oo 0 9 
+++ + + + SILA LO LA LALA LALALA 10 09 СО ООСО СЮ со СО су см СМ СМ СМ М (NJ CNI 
+ FT pA SF F pf p f SF SP SF SP SF q AT S$ S S $ ST LA LALA LALA LALA LA 
ri ч 0m LA «4ч 4 A «4ч «4 «4 MÀ κε κ «4 — — — —4 —1—— —— —— — — — 


.O O O .O O 0 OQ O0 QOO QOO 0:000 0:00.00 0«O-O-Q 
ο οσο οσο ο ο οσο σος ο ο 
— 
JU uw UARU UU U U U LE UD CU GELD ELE UU UC Cp CIO LU EEUU UO LO EE LL JUD CELO ULL CO UO UU 
wet CO MO 00 00 00 00 00 c p P RRM RES а ч О СС СОХО С С 
LIAN NAN NNN O CO cO OO O O D. + xr Mr Р-У РТ OA AUA CO ОХО ОХ 
Q ——————=—rOAOn. n 4 ч 4 - HHH 
need 
0юо000о00д0оюпоооообоооосоооооопообдо оо 


ϱ @ 0 4 0. 0 4. 0 8 ο 06 0 0 0 4 0 0 4 0 0 6 0 4 0 0 0 0 e . 06 y 0 
4344 44 A Al A MÀ «4 — — — — — — — —q4— <4 4 ч «44 «4 4 —=— — — — 


<( O O O O O O OCO O O O O OCO O O O O OCO OO OC Oc OOCmOOO 


С) e èe @ e © ө ө @ ө е 09 ө 8 8 o @ Q Q ° ө © Q o Ф 0 o ө 0 © © @ ө 


«IO OOoOOoOOOOCO:'O'J20.:.0-O0-O-«0O-OCNCONHCONOCNIOJCJOoo 0c co 0C CO CO CO CO 
e e e ei 4 Ч 4 4 Ч 4 4 A 


5 





1973 


: 5 FEBRUARY 
29. L21 INCHES 


I DINO DATE 


= 9.9) 


(L/D 


ΙΕ ΓΕΝΟΠ 


= ҒО ч чо ФОО чим nmyran.ocdctoJst 
OOOODOODOO AHTHTA-TOOOOFHNANDANIFONNMOO ON 
Q. ϱ e ο 0 0 0 @ o * 0 ϱ 0 ὁ ὁ 0 о ее о е 0 98 ео Q ө ө ө °° өе ө € ө 
27-0 OOOOOOoO0O0O0OOOvwvc000O00O0O0o0O00o0--0O0220 
C | I Í | 


+ 20 -4-- + 4 ПО о са 4 Г. + ОУ сс OO =I οσα Ποσο су 
>4 444 ч.ч AU Oo O0 OO e 0g 0 O e 0J 0 c e O00 ol c0 
~” @ @ o è @ 9 9 o 9* ϱ 0 9* 0 0 © е ө a ө 9*9 o 9 0 ϱ 0 ο 0 €?" o е €? Ó 
ооо ооо ооо ΟΦ сон 
O | ! | | 


——^О җәя н үну ОО Су DOAJ O LACAN ΡΟ О СУ СШС ЛО ОО У суо 
+ сх сх NAIA AN SO SFM NOMAD SE FON MN NN AID A 
wa © ọ 0 9 e 9 O o è o 9 b 9 9? ὁ 0 ϐ ϱ ὁ ὁ е 9 6 $9 ? o өө ее өе ө 
ως σος ος νο ο ος σοι ео ο OX COGO GO CS CO 
ο.) | | 


МЕЗО ч МАА + — RON O Оу} FM AIO BN DINO Ath dno 
| OOOQOOOOOOOQOC(WN ec-—OOOO чм чочо ОФ чо-чо Ο 
ws 9? e 9 ο е © ө ө 9 q ө з @ 9? 0? 9 89 ϱ 9 ϱ ϱὁ © о 89 9 ϱ 69 0 06 €? 
ооо ооо ооо 
WO | ! } | Γι | | ΙΙ 


М ЗО еч Ои ЧУО О О DPE RE AIA QUOD CUDNEY) «o 
[ame OO ΓΌΟΝ» eO OC0) QOO e 0 e 0 eO 00 0g 0 
O * e * e 0ϱ 9 ϱ 0 0 06 0 ϱ ϱ 0 ο Q €? Q €* 0 0 0 е €! €? ϱ 0 о ө €? 9 ο 

ооо ооо ο ο ος ο ο ο ος GFOS ae 

| | | | 


са са ONO ^ CON 0008 «OO (9 (c8 00 P- 0 C040 (€N .O +O .O SÍ 00 MAA суче GJ Un 
>44 4.4 О О 400 ης 4.400 4 OJ MÀ A 0 0 00 093 0 2 — M OO 06J - C5 
9€ e 9? ϱ 9* 0ὐὁ ο ϐ 9 9? @ o 9 9? υ ὁ 0. 0 ϱ 9 . 0 0 0 0 0 g 0 0. ç ο 


COCOCOCOOO C) ооо гомо ооо 


= PSC NON Όσσα ам мох «οσνιώιώσηςσνἫο 
«(1 QO eoJQOCOoJOy c0 e AOJOJ QC HO NNN NN AO NN NN NN e 
Г e . %. ө е 0 ϱ е 09 өе 89 0 0 0 ϱ 0 ὁ ооо соо оо фо ο 
Гросс ооо оо "συ ο ολ ο TI 
a иии ει | pide il l| 


e * @ o @ 0 q 9? o 8 0? o 9? 9? 9 9 $9 ee ee ee е o 040 0 9 0 % o 2 
ооо оо осо осо ооо 
а «wr (Ori O.-cooc-r ОООО Гг DMI po 
с оо ооож MMODDOND QOO-—^QOOr- NONN =O 

ч ate] | | | | —= A ч м | 


Fg | but Ili I 


«4444 «4 4 4 - “я” е rn сү СО СС) СО СО Оо ОО СО 00 00 29 00 00 0 00 e e 00 e 
> e= e Φ ο 9 Φ ὁ ὁ ὁ ὁ ϱ 96 ὁ 96 9 6.99.29 929 0 o ? ө 0ο ο 9 9 
QO OO O O O OO O0 20:90:00 oIo0JOJoJoeCOdoJ «OO 0-0 00 00 
σνονώνςνονονονονονονονοννονονονονονοςσςνονονονονονςννςνονονςν 
term 


00.0 0000.0 000 019 0 DOD D000 D0 DH00 2 ООО]. 
COCcOOOOOOOOOOOOOOOOQO'05O0O0c090O0C00O0OOOO 
SL HUW WU UU LIEU UL U UV WII LO USER US LG UF ULLA LIU U WILL LU 
me FEES ST EHAAMADDAAPHPODO OO DOV OOD MNMMIMIMK OM 
WHat Haas 0-400 20 DODO DDDANAANA AAI NASA ALA LALA LAS 
OC + te KINI QU NCU NI QP Pe Se ХР ХР T + 
Y A AA АО О ООХ О ОХО -- 4 —2—4 et aaa eM 4 4 4 
rennen rem nn rm m m, om m Po PD PP REP К М М М М 
(O r E E S S S O D O S 9 e 9 9* QQ 9 e © © @ 9 ϐῦ 0 ὐ ϱ 0 0 9 е 
Ar —— — — — — — —4—— — — — — —— —=— — —=— A AAA А A AA 4 4 


<( CO O O CO 2 O OO O — O OOO O O OO O OO OOO O GO—OOOOSOO 


C) e @ @ è è o è o ù 0. q 0. е 0 0 0. ө © o © 0 0. 0 0 0. © ө © ө o €? 9 


< O O O G, 20O0OQO0^20.Q0:QO«QOO-O«OCJOIOod СУ СМ. СМ СУ СО со СО O cO CO CO — 
Ш 


60 





LIST(100) FLIST(100)GLIST(100), 


A W DATA TO DETERMINE MAGNUS 


ETRA 
H ERROR BOUNDS 


ОШ ЕРТЕ 
FORCE AND 


N 
Mm U_ 
Z — O O 
O СУ cx 

m uJ ος. 3 Y) 

= = HH < 1 мМ a 

С) ο) (> Ç ш ОС ae O 
mild id [8]. Ὃς m τα 
Le — = <I а =< (а а LL 
< + X LL. m (ү Z Z LL. 
с A Lu ΙΟ II πα UJ HI ert 

pcr O ο O час ο J AW 

PM ase ~ ο ον о р чш) C) «t cO 
«T ιο е - o COJOOOQI «Xd Z Tele 
Omer > cr тн мо WH с) 
O olip- > < eI Or N u > 
Οι ος hime ++ s HM у ο Εν ευ οί ο 
ασ απ) c) Ок л У pr μυ NZd- 
O mt C) о y ww) TEO” Y 
оо >= O Vee ie σα Z Al ΞΡ 
wir ID SY > {JOm NV - аў eez 
Тез О не сн ee II LS WO<IOD 
H Xe TV> Ppron U o JJ НЕ. 
Ulli aims νι ΥΣ σα чч СК πο CQ 
ZI- σι. о ш A oz 
mH- Uje wA OO pe RIES NIIT. © ФЕН, 
OEO rn FMW 7 Hi ra ны zc 
со а ICO = ZW IO СОС SND ж уи) 
ШШ Ш ee т OOO = = zu 
YI YE OU OZ ай! ru uuo LOOL 
3 ашин) СС aq cm N O mm 
UJULA E TOZ FIEOO FUI τε; up 


G Sie A Oo E м SEU 
Aare snort ШОШ ШС) ος 5 Γι 
ο οσους ο ο sa. = Jet or. 509056: ш 
DNINMNZZZUNIONTOZZANZIHJZFUTOZNEN 
See LL OL Ja Z> DU WUIOO SWS JUI- OO 
>> > Z = <X(C) CCC L O< Oe Dk 3 >> x Y LL J Z= (O — 


с 
Е т] berto eel eat ΓΕ {1η 


O t" $25 c 
ШЕ <{ < а Ω © 

τν πα ο οσα ο ο ОР осше и Οτο 

ра νε IZ x Dg “ορ οσα τος ΟΞ 

— ὃν ας М. SNL > > ον 

je —J > LL << > Ἐν >>. md с 

«tx = C TEN С) 

= >< «i1 си Y ы 

< uL 

τ 

a 

x 

Lu 


TON РОВ МАМ ΕΤΕΡ ο ΕΡΕ ТЕМ 


TA FUNCTION DATA FOR USE IN POWER!S 
с COR FORCE -READING CORREC TONS DUE TO ЕЕ 
ES 


1 «Μ 


4i 
R 


А 
U 


N 


WRITE(G,10) 
DO 101 


NN 
(lira 
Ez Hg 
Е. е) 
(D «t 
ELI Ще 
Soo 
м Z 
< Z 
uj © 
Q. or 
іц 
— < 
«12000 
XVn 
KIN 
A iU 
z UJ 
UIOS 
= kn 
OZ 
eru 
ται 
f- LUI - 
OFE U 
e DE 
Ши? 
c 
= — 
Е 


61 


РОК 





b». 
Е 
L.XLD 


= 22950 
= xF /D 
(б. 16 )Х 


ОЕ 
XLD 
ИКТТЕ (6 


5) / (ТВ+198.72) 


E= 08 


AMA NO O 
bu ua wud 
OOOO >< — Li: <T 


= T š> 
ος XXX 


ЕТ 


1.К 


DO 102 J 


133/(RH0715.24) 


159/180. 


А 
) 
) 


“ADO 


АСА, О. КЕМ, МЕ, МА, РНОЅ Е 


HH ας ώς 


σ 


vu H H H H H H 


CO Z JC < <> 
< ТУ 


завие зи крем 5.24) 


BUSERT DATA TO DETERMINE VELOCITY ERROR BOUNE 
О. 6Г.10.00260С ТО 3 


мч 
8. 
O 
> 
Las 
=] 
x< 
• М 
ΠΕ 
ND) 
— 
CON 
C2 e 
ὃς 
| o 
Ц. = 
— 9 
x un 
же UY 
— ο ON 
Near ο. «πι 
Es 9 zm 
$c O SS 
η. ο O ` хач 
Ov М. <IN ο 
N Ον O qN 
4 D un πο ο 
Q^ un = ay = 


ur dE Cy CS! 
=+ — G — 2 O.I— c :!- 
ea VA еси С t-. 
nam № QUI Oh Pa. ome 
Pr е We νι.) ο 
Qe ο ο σὺ ον μ.ο 
рф МО е (NJ G C > O — 
NO Pu fe y MK Ke u 
e гм. >С 
+ «Ома а шиши тт 
wa MO sz. > > K O O x — 
с) А 
WH HW jH H HLUJH H HH H H l#I H 
Γη 
cuc) о Эа Оол 
ш2 шса. єс xa Оци 
GCX>U Pr Glee G = 
EU >> 


ма 


ВАРЫ ОЕ ΑΕ ΙΣΤ εδ στ 


СОР 
РО ОЕ РЕГ ТЕ БЕТЬЕ) 


МЕ: МЕС 


МА: МАС 


EI 
vr 
Pi 
VA 
X 
X 


WH Hl H H H 


QC CO ac C2 U- «1 
QUu-c«oo 
O>O>ZZ 
ци < хх 


ОАТА 


NPUT FOR DETERMINING ERROR IN INITIAL RAW 


1 
NGS 


>> > > > 
lH H H H H 


CZAS 
U LL <I LL 1. 
>>> > + 

>< >< 


62 





АМО 


TENT, 


63 


МА МАР. 
МАЯ. УАМ 


L 
ROR BOUND 


ХМА 


ХМА 
БА EAT URN папи ле Ооо ма Ос Деба Sic 


= 
а 
с >- - — > + 
4 LL] C Ф — ты x ou > 
— - C - (1) — >< >= >< 
ON а = mm elc ο) 
+ O > < RO > >». - 
e oom) > Or ©) е Q 
О C uJ = Uu > >< е 
INH - C > Te N хо 
NO > a > < De» LL. 
+ >< 6 LL. « а М am >< 
М uu e IX - ej N 
Die G и Zm ee ww La 
° O > =) «τω >< ~ >- = 
(Oe Ç = DU e ος) ° 
О fh e c5 е w p ~ e wy 
mer UN >= <I - = MU e Ue 
Ur CN ο = >< >< • су’ >< a. 
waqa wau | > - e 4 De MN O 
CI — — > > e > lL > = - 
— QUU > m me . >< = >< 
ке; ον за! са i e 4 - 0 > N 
NO} de; С. к= ге ec) e 
— IU. <“ > SL то т — | о ο» wy 
Un 1 = ος м. 99 οὐ LA < e o 
$e огаш) = ΙΗ; шш) „Ох N 
D eo! а с = F-- 5 5-4 —— 
α΄ г. п < 0) IT NOS emmim 
te eA CO MS e SE eZ ewe oQ “~m 
> = = СУС =) i oe QUJ» x XOnuow 
HE ps ee ή = m 2 м ON eè © 
° ~ Ç) O >< >< |-- ce τα Np s cetus 
LA [> μις А > И = „m Си Ажар еи O 
N С) ЧО) t3 > Ἓ Li) | eJe MO ee e e 
= | к-с Q.— r ШШ!) и а YY sete ew NOX + 
ш сас. Е хм CC Шш) Foe ши ο/)5 5 e . oN LL. — e S СУ > 
O бошто O αν. ο τα Ge « «lb bre Оло Бо ке ΙΙ ~ 
= ea ee соо о D Y) e h e Zo e. ———<——u n м) н am 
x AXX —Q(QUMCYC.UM ш < Un» ej e > em LLZ I οί è em — Z Q) — — - 
prom УРАН OSa AnaM exc OALIX XA s= Nje < СУСП Nm eZ - 
МБО а М, ОС — O | < — POUT A eLA eo ο LL. LL. iW) — — 
ОЦ >- < >> e enden < — О pr Ὁ XxX +» + ç =+ O HH {. «be — 
= C) FS SAR G COM, AV © E 0 с ЧАКА ч Оле Oen аз ZA = 
XZ X Xl e ç E Nea Qu~ ə << απ == NUNN LRN Reni el ρω erm VY) 
=XAN=N=NN SOTO ew ο © O e шшш Z NUMAN EUAN í >L = >x = co uc сч © 
ο ‚г СО По =) о момон. оН Ole ei N са 
ü H H HH l H id < * H H MA ii = — БР? O Он «Се е tj ej чо оа. | и. 
Oa QC MARES «(1e <{<1<1< </[<4`2ЇШ eat deel — ° Z — >x — G | С 
>а>-сажха чаи зо στ C e Fear |] swim cce ως >» б. OA UJU = | >< i- 
QO -------ι OAL A = - 222 ч о zz endet oe айт N 
> С Cm шши > — O> xc ua ee = CrUCOODOOQOQ-- *«(9OCuo rZ SS ЕН С n Mc j 
O mra G CO € X COO cC М лл ШО ШШ ας. UU A LL. MN C. Q — CO rr YOO 
& С? 
= a CG NO u. о мао мо ο © - сои ο 
= «аа чч =— 


10 
10 
10 





16,15,19 


ους ΣΣ, 
ΑΒΖ» 
E 
B 


И uj JAN ~a ~ adim 
mu 20 CC e Qe) e OY 
| = τι σι ῶ toz 
x —— Sr INO RNA ια 
seat pe et tt tO 
CULO JUS U OO MAJA εξ 
O m CO — — (00 K — m JO Joa Gay 


~ οϱ σοῦ” мачи ON 0 
мы чс „ча ο 


64 





10. 


l. 


EISITZOEZRELEREIERS 


owanson, W. M., "The Magnus Effect: A Summary of Inves- 


tigations to Date," Journal of Basic Engineering, 
pp. 461-470, September 1961. 


Magnus, G., "Uber die Aberwucheing der Geschosie," 
помолете а. Ко, Akad d. Wiss ος Berlin, 
Poggendorffs Annelen der Physiks 88, I, 1855. 


iod Rayleigh, "On the Irregular Flight of a Tennis 
Bail, Messenger of Mathematies sv ντ 


meiner, Anton. "The Flettner Rotor onip, Engineering, 
NENAS ο. 1205 5 anuar y 7. 


Prandtl, L., Application of the Magnus Effect to the 


Wind Propulsion of Ships, National Advisory Committee 
τ ΙΕ (КАСА ТМ 367 το... 


Feen, J. C., On Magnus Effects Caused by the Boundary- 
Layer Displacement Thickness on Bodies of Revolution 
at Small Angles of Attack, Ballistic Research 
Laboratory (BRL Report 870), June 1953. 

Melly, H. R., An Analytical Method for Predicting the 
Magnus Forces and Moments on Spinning Projectiles, 
Atomic Energy Commission (AEC Report TM-1634), 12 
August 1954. 


Rowers He ο... Boundary Layer Contribution to the Magnus 
Во саво a Spinning Cylinder at On Angles or Attack, 


РО ОТ Ысты, lowa Stave Univers πιο ID ME ON 





nr iro Е Cand Holder; Da W; Wind Tunnel Technique, 
Sir isaac Pitman G Sons τα... 19085" 


Mercher, C. A. J., -Investigation of the Magnus Charac- 
teristics of a Spinning Inclined Ogive-Cylinder Body 
at M = .2, Australian Defense Scientific Service 

(Technical Note WRE-TN-HSA-159), October 1969. 


Бок ти ОМО апа Slezinger, Г. I., лет апа 


Peir Instrumentation, Israel- Program ol SCleñtiiic 
Translations, 1966. 


65 





NT 


ls 


14. 


Ша: 


106. 


Щи: 


πο. 


ша. 


20. 


ρα, 


ΠΠ. Ε.Τ ang Ma, C Yo, μι ο απ το Воцочаеу- 
Mayer ерата стон ессе а пе Flo ov r a Rotating 
Cylinder," The Aeronautical Journal of the Royal 
CIO ccu D τν ol - 5 0 June 1969: 


wauer, Н. J., and Kelly, H. R., The Subsonic Aerodynamic 
Characteristics of Spinning Cone-Cylinders and 
Ogive-Cylinders at Large Angles of Attack, U.S. Naval 
Ordnance Test Station (NAVORD Report 3529), 11 July 
1955. 


Eiupnton, B. L., and Brock, A. E., Aerodynamics for 
s s TU Students, Sti Martin's Presso 1570. 


EUH. Rowana Thacker, G. R., The Effect of H:veh Spin 
on the Magnus Force on a Cylinder at Small Angles of 
πο μα ο Naval Ordnance 16st Station (NAVORD 


Reporte aO O February 1956. 


ENchuk, W. and Sparks, W., Wind Tunnel Magnus Character- 
τς ο ЕЕ -Caliber Army- Navy Spinner Rocket, 
U.S. Naval Ordnance Laboratory (NAVORD Report 3813), 
lO September 1954. 











του Α. S., ‘Magnus Characteristics of Finned and 
ОГОИ ОТОС ЕБ. AIAA Journal, у. 5, mo. № 
ро Ш нае) 1965. 


οι ου Ὁ ο πα Ricci, H. A., Wind Tunnel Tests of 
Solid Stite Strain Gages, Ballistic Research Labor: 
atory (BRL Memorandum 1928), July 1968. 

ПИСАО демо. Colburn, R- and.Pedgonay, J. 5:5, The 
Design and Dynamic Balancing of Spinning Models an. 
a Testing Technique for Obtaining Magnus Data in 
Wind Tunnels, Ballistic Research Laboratory (BRL 


Memorandum 2019), October 1969. 


Bone, Alan, Wind Tunnel Testing, 2nd ed., John Wiley ἃ 
Sonus, ТОБА. 


Shames, Irving H., Mechanics of Fluids, McGraw Hill 
Book Company, 1962. 


66 





INITIAL DISTRIBUTION LIST 


МО бејт 


Defense Documentation Center 2 
Cameron Station 
Alexandria, Virginia 22314 


Library, Code 0212 2 
Naval Postgraduate School 
Monterey, California 93940 


Professor R. W. Bell, Code 57Be 1 
Wepartment of Acronautics 

Naval Postgraduate School 

Momterey, California 93940 


Best. Professor H. L. Power, Code 57Ph 2 
Department of Aeronautics 

Naval Postgraduate School 

Monterey, California 93940 


LT Timothy R. Beard, USN 2 


945 Dickson Parkway 
Mansfield, Ohio 44907 


67 














Secunty Classification 


зов E i nn 
DOCUMENT CONTROL DATA-R&D 
(Security classification of title, body of abstract and indexing annotation must be entered when the overall report is classified) 


ZINATING ACTIVITY (Corporate author) га. REPORT SECURITY CLASSIFICATION 


UNCLASSIFIED 
laval Postgraduate School — 


my INVESTIGATION OF THE PRODUCTION OF MAGNUS FORCES 
ON A HIGH FINENESS RATIO BODY OF REVOLUTION 


RIP TIVE NOTES (Type of report and, Inclusive dates) 
Master's Thesis; March 1973 


MHOR(S) (First name, middis initial, last name) 





ORT DATE 78. TOTAL NO. OF PAGES 7b. NO. OF REFS 
| : 
69 21 | 


INTRACTOR GRANT NO. Da. ORIGINATOR’S REPORT NUMBER(S) 





9b. OTHER REPORT NO(S) (Any other numbere that ту be assigned 
this report) 


7 TRIBUTION STATEMENT 


Emusoved for public release; distribution unlimited. 


¡PPLEMENTARY NOTES 12. SPONSORING MILITARY ACTIVITY 


Naval Postgraduate School 
Monterey, Сала отита 95940 





A high fineness ratio body of revolution with an ogive 
Iforebody shape was tested at varying angles of attack, Reynolds 
numbers, and spin rates to measure the Magnus forces developed. 
The experimental data were compared with previously derived 
Ecoretycal equations for an open-ended cylinder of revolution 
LO substantiate the theoretical work. 


Ши Lay - (PAGE 1) UNCLASSIFIED 


À-31408 


0101-807-6811 68 Security Classification 








Magnus 





Spin 


Rotate 





HD τ μοὶ 4 73 (BACK) 


51 0101-807-6821 


69 


UNCLAS SLE UD 


Security Classification 


A-31409 











